The diagnosis of myelodysplastic syndrome (MDS) can be challenging, and may be facilitated by correlation with cytogenetic testing. Microarray analysis using comparative genomic hybridization and/or single-nucleotide polymorphism array can detect chromosomal abnormalities not seen by standard metaphase cytogenetics. We examined the ability of combined comparative genomic hybridization and single-nucleotide polymorphism analysis (hereafter referred to as 'combined array') to detect changes among 83 patients with unexplained cytopenias undergoing pathologic evaluation for MDS and compared results with 18 normal bone marrow controls. Thirty-seven patients (45%) were diagnosed with MDS, 12 patients (14%) were demonstrated to have 'indeterminate dyspoiesis' (insufficient for classification of MDS), 27 (33%) were essentially normal, and 7 patients (8%) had alternative pathologic diagnoses. Twenty-one MDS patients (57% of diagnoses) had effectively normal metaphase cytogenetics, but combined array showed that 5 of these (13% of MDS patients) harbored major cryptic chromosomal aberrations. Furthermore, nearly half of patients with 'indeterminate dyspoiesis' and 1 with normal morphology had clonal cytopenia(s) of undetermined significance by combined array analysis. Cryptic array findings among MDS patients and those with clonal cytopenias(s) included large-scale copy-neutral loss of heterozygosity (up to 118 Mb) and genomic deletion of loci implicated in MDS pathogenesis (eg, TET2 (4q22) and NUP98 (11p15)). By comparison, in MDS patients with abnormal metaphase cytogenetics, microarray mostly recapitulated findings seen by routine karyotype. Combined array analysis has considerable diagnostic yield in detecting cryptic chromosomal aberrations in MDS and in demonstrating aberrant clonal hematopoiesis in cytopenic patients with indeterminate morphologic dysplasia.
Myelodysplastic syndrome (MDS) is a spectrum of clonal stem cell hematological malignancies characterized by ineffective hematopoiesis. It manifests as peripheral cytopenias, dysplastic morphology of one or more hematopoietic cell type, and risk for progression to acute myeloid leukemia. MDS is currently classified according to strict morphologic, cytogenetic, and hematologic criteria. 1 It may arise de novo, or as a secondary (eg, therapy-related) malignancy following exposure to chemotherapy or radiation. 2 The importance of cytogenetics as a diagnostic tool is recognized by the World Health Organization classification system given that specific clonal cytogenetic abnormalities warrant a diagnosis of MDS (in the setting of refractory pancytopenia) even in the absence of morphologic dysplasia.
Approximately 40-50% of MDS patients do not have karyotype abnormalities detected using standard metaphase cytogenetics. 3 Limitations include low resolution, a requirement for dividing cells, and the fact that balanced structural abnormalities (eg, translocation and inversions) are rare in MDS. 3 Although recurrent chromosomal deletions/monosomies or gains are common (eg, partial/total deletions of chromosomes 5, 7, 13, 20, X/Y or trisomy 8), even these sometimes remain obscure. [4] [5] [6] Fluorescence in situ hybridization (FISH) can overcome some limitations of metaphase cytogenetics, but it is typically used to detect only the most common chromosomal aberrations found in MDS and its utility is limited to those cases where adequate karyotype analysis is not available. 7, 8 In contrast, microarray studies have been shown to identify frequent aberrations which are not detectable by metaphase cytogenetics alone. To date, multiple studies have shown the utility of performing microarray analysis to detect chromosomal aberrations in cases of known MDS and related hematologic malignancies. 9 Cryptic amplifications/deletions (ie, copy number variation, or CNV) identified by comparative genomic hybridization are welldocumented in MDS. [10] [11] [12] [13] [14] [15] [16] Furthermore, copyneutral loss-of-heterozygosity (LOH) (also known as uniparental disomy) detected by single-nucleotide polymorphism array has been shown to have prognostic significance in MDS. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] In samples with unsuccessful conventional cytogenetic results, or in specimens that are not amenable to routine cytogenetics, the detection rate of genomic aberrations by single-nucleotide polymorphism microarray is particularly useful. 28, 29 The majority of microarray studies in MDS rely on annotated series of patients with known diagnoses. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] To our knowledge, the diagnostic utility of microarray has not been evaluated in an unselected cohort of patients undergoing evaluation of peripheral cytopenias, nor has it been evaluated in patients who may be best categorized as having 'idiopathic cytopenias of undetermined significance'. In this study we used combined array to detect copy-neutral LOH and cryptic CNV in the marrow of patients irrespective of diagnosis who were undergoing primary bone marrow evaluation for peripheral cytopenia(s) and/or clinical concern for MDS. We sought to determine the diagnostic utility of combined array analysis among patents with unexplained cytopenia(s) that have not been preselected with respect to diagnosis (including benign mimics of MDS), disease subtype, or conventional cytogenetic results. The term 'clonal cytopenias of undetermined significance' (CCUS) has been applied to cytopenic patients who do not meet criteria for MDS but have clonal hematopoiesis demonstrated by the detection of an acquired somatic mutation in an MDS-associated gene. 30, 31 In this study, we extend the diagnosis of 'CCUS' to patients who lack routine morphologic or cytogenetic diagnostic criteria for MDS (or alternative diagnosis), but have aberrant clonal hematopoiesis demonstrated by combined array.
Materials and methods

Patient and Control Selection
The study cohort consisted of patients undergoing bone marrow biopsy and aspirate sampling for initial pathologic evaluation of peripheral cytopenia(s) and/or clinical suspicion of MDS from 2011-2013. Microarray analysis was performed in parallel with standard morphologic, flow cytometric, and cytogenetic evaluation. Selection of patients for inclusion in the study cohort was independent of any additional findings. Control cases were limited to normal marrow specimens selected from patients undergoing routine evaluation due to an alternative prior or concurrent malignancy, where no clinical suspicion of concurrent MDS was indicated at the time of analysis. Detailed clinical and pathologic features of all control cases are listed separately (Supplementary Table 1 ). Combined array analysis was performed on DNA from the same bone marrow aspirates samples submitted for cytogenetic analysis, with the exception of two cases (from patients 25 and 30) which relied on peripheral blood due to inadequate aspirate material at the time of evaluation. Test DNA was referenced against same-sex control DNA provided with Sure Tag DNA labeling kit (Agilent Technologies, Santa Clara, CA, USA). These studies were performed in compliance and with the approval of the Institutional Research Subjects Review Board.
Morphologic Evaluation
Morphologic assessment was performed on WrightGiemsa stains bone marrow aspirate smears and hematoxylin and eosin stained formalin-fixed paraffin-embedded trephine core biopsy specimens. Morphologic dysplasia was evaluated based on diagnostic criteria according to the 2008 World Health Organization Classification of Tumours of Haematopoietic and Lymphoid Tissues. 1 Cases of 'indeterminate dyspoiesis', in which the possibility of early or limited involvement by MDS could not be excluded on morphologic grounds alone, were identified when the frequency of dysplastic forms was below the 10% threshold for erythroid precursors, granulocytes, and megakaryocytes, or o 15% ringed sideroblasts.
Cytogenetics and FISH
Cytogenetic analysis was carried out on blood or bone marrow aspirates using trypsin and Giemsa method. Karyotypes were described according to the International System for Human Cytogenetic Nomenclature (ISCN, 2009). FISH analyses were performed following the manufacturer's instructions and standard protocols, as previously described. 32 Normal cytogenetics was defined for the purposes of this study as an appropriate complement of 46 chromosomes and normal G-banding pattern in 20 metaphases, or normal G-banding with partial loss of Y chromosome in males over the age of 50 years. Also included in this group were cases which lacked definitive clonal abnormalities. These include cases with (1) normal karyotype and a limited number of metaphase spreads (o 20) available for analysis, (2) isolated non-clonal karyotype aberrations (identified in a single cell and/or ruled-out by FISH as a true clonal abnormality), and (3) suspected constitutional abnormalities.
DNA Extraction
DNA was extracted from patient's specimens (peripheral blood or bone marrow aspirates) using QIAamp DNA Blood Mini Kit (Cat # 51104; Qiagen, USA). NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, USA) was used for quantitation and evaluation of quality of the DNA.
Combined Comparative Genomic Hybridization and Single-Nucleotide Polymorphism Microarray
Microarray experiment was carried out on Agilent's custom-designed whole-genome SurePrint G3 array 4 × 180 K, CCMC v2.0 (Agilent Technologies), plus cancer-targeted platform containing~120,000 comparative genomic hybridization probes (60 mer) including 20,000 cancer-specific probes (1 probe/ 0.5-1 kb; minimum 1 probe/exon, maximum 200 probes/gene) covering over 500 cancer genes and 4130 cancer-associated genomic regions and 60,000 single-nucleotide polymorphism probes which overlap with Alu1 and Rsa1 sites with minor allele frequency of 45%. Genotypes on this array are measured using one probe per single-nucleotide polymorphism, providing~5-10 Mb resolutions for LOH detection across the entire genome. Briefly, patient and control DNA (1.0 μg) was digested with restriction enzymes, Alu1 and Rsa1, and enzymatically labeled with dyes Cyanine-5dUTP and Cyanine-3dUTP, respectively, using Sure Tag DNA labeling kit (Cat # 5190-3399) as per the manufacturer's recommendations. The labeled DNA was hybridized as per the manufacturer's recommendations at 65°C for 40 h.
Data Analysis
Following washing, the slides were scanned in highresolution scanner (Model # G2505C; Agilent Technologies) at 3-μm resolution. The output files were processed and analyzed by CytoGenomics software, v2.5 (Agilent Technologies), using an Aberration Detection Method 2 (ADM-2) algorithm for aberration analysis and visualization, with the threshold set at 6.0. To control small variations appearing in the data analysis and to get the clonal fraction (for mosaicism), we used an extra aberration filter, defining the minimum number of probes that should be present in an aberrant region as 5 (gain or loss), with the minimum absolute level of average log2 ratio of 0.15. The GC correction, diploid peak centralization, single-nucleotide polymorphism (confidence level 0.95) and LOH (threshold 6.0) parameters were included into the analysis. The cutoff for CNVs was set at 250 kb and confirmation was performed by FISH for all abnormal results.
Results
Patient and Control Characteristics
The clinicopathologic features of all patients included in the study are listed ( Table 1 ). The study cohort (ie, patients undergoing evaluation for MDS) (n = 83) had an average age of 70 years (median 70, range 26-91), and included 25 women and 58 men. Pathologic bone marrow evaluation showed 27 cases were morphologically unremarkable (ie, essentially normal findings), whereas 12 were noted to have 'indeterminate dyspoiesis' (mild dysplastic changes morphologically insufficient for a diagnosis of MDS). Thirty-seven cases were diagnostic of MDS (see Table 1 for specific subclassification). The seven Table 3 ). The control cohort (n = 18) had an average age of 62 years (median 61, range 49-79), which did not differ significantly from the study cohort (P = 0.16, two-tailed unpaired t-test), and consisted of 4 women and 14 men. It included 8 patients in pathologic remission following prior chemotherapy treatment for an alternative hematologic malignancy, 2 patients with a history of carcinoma (only 1 of which received radiation therapy alone), and 8 additional untreated patients with negative staging bone marrows for newly diagnosed peripheral lymphoma. Average complete blood count data for the control group as a whole was within normal limits. Additional clinicopathologic features of the control group are detailed in Supplementary Table 1.
Evaluation for CNV and Copy-Neutral LOH in Controls
Among the control samples, no evidence of clinically significant CNV was present. Ten of 18 cases (56%), however, exhibited single-nucleotide polymorphism array findings that met study criteria for copy-neutral LOH (see the 'Materials and Methods' section; Table 2 ). With the exception of a single outlier case, these regions of copy-neutral LOH were limited to a range of 0.9-5.2 Mb, involved 1-4 separate chromosome arms per sample, and were distributed across 12 different chromosomes (1, 2, 5, 6, 8, 9, 10, 11, 12, 13, 15, and 18; Figure 1a and Supplementary Table 1 ). The outlier case (patient R) was a 79-year-old female with extensive copyneutral LOH spanning 86 Mb on chromosome 4 (q12-q31.1), suggestive of clonal hematopoiesis in a morphologically normal bone marrow without resulting cytopenias(s) (see the 'Discussion' section for further evaluation).
Identification of CNV and Copy-Neutral LOH in Samples Submitted for MDS Evaluation
Among the study cohort, 53 out of 83 samples (64%) had combined array findings, although the distribution of results was very different from controls (Table 2) . Twenty-three of 83 cases (28%) demonstrated CNV (amplifications or deletions), whereas none were detected among the control group (P o 0.01, Fisher's exact test). Thirty cases had evidence of copy-neutral LOH alone, and many of these affected regions were substantially greater than those observed in the majority of controls (for examples see Figures 2 and 7) . Despite individual cases with large segments of copy-neutral LOH in the study cohort, however, the overall burden in this group (measured as the average length of total copyneutral LOH per genome per case) was not significantly different when compared with controls (mean of 17.0 Mb (±5.5 s.e.m.) versus 8.7 Mb (±4.7 s.e.m.), respectively; P = 0.996, non-parametric Wilcoxon rank sum test). If comparison is limited to only those cases which exhibited segmental copy-neutral LOH substantially 45 Mb, more positive cases were detected among the study population (16 of 83 cases (19%) versus 1 of 17 (5.5%) among controls), but still the trend was not statistically significant (P = 0.17, Fisher's exact test).
Because the majority of cases in the study cohort (63 of 83, or 76%) exhibited essentially normal cytogenetics (see the 'Materials and methods' section for study criteria), the study cohort was subdivided into the following groups for further evaluation: Group I-morphologically normal bone marrow submitted for MDS evaluation with normal cytogenetics (Table 3) ; Group II-cases that showed 'indeterminate dyspoiesis' of uncertain clinical significance with normal cytogenetics (Table 4A) ; Group III-morphologic MDS with normal cytogenetics (Table 5) ; Group IV-morphologic MDS with abnormal cytogenetic findings (Supplementary Table 2 ); and Group V-alternative pathologic diagnoses (Supplementary Table 3 ).
Group I
Twenty-seven cases (32%) from the study cohort (average age 65 years, median 71) were morphologically within normal limits, with no evidence of malignancy or dysplasia and no definitive aberrant clonal cytogenetic abnormalities detected (Table 3) . In this group single-nucleotide polymorphism analysis demonstrated only limited size copy-neutral LOH ( o 5 Mb) involving no more than three chromosomes (Figure 1b) , similar to the majority of controls. Within these short segments of copy-neutral LOH, no clinically significant genes (ie, specifically implicated in MDS pathogenesis) were identified. Two patients (case numbers 20 and 21) demonstrated deletion of the entire chromosome Y, consistent with karyotype results. The only significant CNV in this group was from a single patient (case 10) involving an amplification of 255 kb at 6q27, including the locus encoding MLLT4 (AF6). This amplification was confirmed by FISH in 93% of cells, indicating clonal mosaicism and prompting classification as clonal cytopenia of undetermined significance (Table 3) . Cryptic chromosomal lesions in MDS and CCUS
Group II
Twelve cases (14%) from the study cohort (average age 63 years, median 61) demonstrated only 'indeterminate dyspoiesis', insufficient for a morphologic diagnosis of MDS, and routine cytogenetics did not demonstrate a diagnostic abnormality. Notably, this subset of study patients had an age distribution that was highly similar to the controls (63 ± 15 versus 62 ± 10, P = 0.87). Combined array analysis demonstrated a substantial number of these cases (5 of 12, 42% of Group II, or~6% of total study cohort) harbored major chromosomal abnormalities indicative of clonal hematopoiesis and were therefore classified as clonal cytopenia(s) of undetermined significance (Table 4A and Figure 2 With a median follow-up of 28 months, the known clinical outcomes for patients with 'indeterminate dyspoiesis' are reported (Table 4B) . Three of 3 patients with clonal cytopenia(s) of undetermined significance that underwent subsequent bone marrow/hematologic evaluation eventually met criteria for MDS or an MDS/MPN within 1-6 months. One Table 3 ). Dotted line indicates the 5 Mb threshold used for analysis throughout the study. For each case, bars are oriented in descending order, going from chromosomal region with longest to shortest segment of copy-neutral LOH. Corresponding chromosomal coordinates for segmental copy-neutral LOH are listed in Supplementary Table 1 and Table 3 for each group, respectively. patient was deceased within 18 months, and another had persistent macrocytic anemia, but was lost to follow-up after 7 months. Among those cases lacking evidence of clonal hematopoiesis by combined array, 4 of 7 received alternative benign hematologic diagnoses with overall improvement of peripheral blood counts in most cases, whereas 3 of 7 demonstrated persistent cytopenias and subsequently met criteria for MDS on repeat biopsy (within 7-9 months from analysis).
Group III
Twenty-one cases (25%) from the study cohort (average age 70 years, median 70) were diagnostic of MDS with essentially normal cytogenetics. These comprised 56% of new MDS diagnoses and encompassed the full spectrum of morphologic subtypes (Table 5) . Four cases showed extensive copy-neutral LOH and CNV that went undetected by standard karyotype. Three patients (case numbers 45, 57, and 58) showed long-segment copy-neutral LOH (55, 59, and 38 Mb, respectively) on one chromosome arm each ( Figure 7) . One of these (number 58) had an additional 1.6 Mb deletion (11p15.5-p15.4) overlapping the locus for NUP98. A fifth patient (case number 41) demonstrated an isolated 322 kb deletion at 3q25.33, including at least three genes of unknown significance in MDS (see the 'Discussion' section). Both the 11p and 3q deletions were subsequently confirmed as clonal aberrations by FISH in 97 and 60% of cells, respectively. Together, these cases of MDS with cryptic chromosomal aberrations detected by combined array comprised nearly onefifth of MDS with normal cytogenetics, 11% of total MDS, and~6% of the entire study cohort in this analysis.
Group IV
Sixteen cases (19%) were diagnostic of MDS (average age 72, median 73), with a variety of clonal cytogenetic abnormalities by metaphase cytogenetics (Supplementary Table 2 ). The majority of pathologic diagnoses were distinct morphologic subtypes of MDS, with two additional cases of therapy-related myeloid neoplasms. The spectrum of combined array findings in this group was broad, and in most cases correlated well with the available G-banding pattern. There were few examples of major chromosomal abnormalities detected by combined array (typically copy-neutral LOH) which were not apparent by metaphase cytogenetics (eg, case numbers 70, 74, and 75).
Group V
Seven other patients included in the study cohort (case numbers 77-83; average age 57 years, median 56) were diagnosed as having other clinical/pathologic entities well-recognized to induce peripheral cytopenias (including acute myeloid leukemia or high-grade borderline myeloid neoplasm). One case of borderline MDS/acute myeloid leukemia was found to contain a 2.4 Mb deletion at 9p24 (including the JAK2) that was otherwise associated with an apparent balanced t(8;9)(p21;p24) translocation (Supplementary Table 3) . No other clearly significant findings were detected by karyotype or combined array among these cases. 
Discussion
This study provides a number of important insights regarding diagnostic testing in MDS, particularly in cases with indeterminate findings, which are among the most diagnostically challenging and vexing cases for both pathologist and clinician alike. Wholegenome combined array analysis improves the ability to detect chromosomal abnormalities and uncovers potentially significant aberrations in a subset of patients with clinical and pathologic concern for MDS. In this study, 83 patients undergoing bone marrow aspiration/biopsy due to unexplained cytopenias were analyzed for clinically significant CNV and copy-neutral LOH alongside 18 controls. Positive-combined array findings among 10 control samples (56%) were largely limited to small stretches ( o 5 Mb) of copy-neutral LOH (see below for further discussion). This finding led us to conclude that segmental copy-neutral LOH 45 Mb could be used as threshold, above which results were interpreted as either suggestive or consistent with clonal hematopoiesis (depending on the extent and number of chromosomes involved). A total of 53 samples (64%) from the study cohort had positive combined array findings which included large-scale and widespread copy-neutral LOH as well as CNV. Thirty-seven samples (45%) in the study cohort were diagnostic of MDS, and another 6 cases (7% of study cohort) were classified as clonal cytopenia(s) of undetermined significance based on the combined array findings. The study cohort was organized in to 5 groups based on their morphological and cytogenetic/FISH findings. These groups (I-V) are discussed separately to highlight the significance of combined array in each. Cryptic chromosomal lesions in MDS and CCUS Among cases submitted for MDS evaluation that were morphologically unremarkable and unrevealing cytogenetics (Group I), the overall pattern of combined array findings was similar to controls. Regions which met criteria for copy-neutral LOH did not significantly exceed 5 Mb and lacked any specific gene content information that was clinically actionable. Indeed, the overall pattern of results within this non-malignant subgroup so closely matches the controls that it warrants consideration as an internal control of aged patient's with probable benign cytopenias, against which comparisons can be made with the remainder of the study cohort. Only one sample out of 27 (case number 10) exhibited a small-scale DNA duplication event (255 kb at 6q27), including gene AF6 (MLLT4), that was confirmed by FISH as clonal mosaicism and resulted in classification as clonal cytopenia of undetermined significance. The MLL-AF6 fusion oncogene which results from t (6;11)(q27;q23) translocation has been identified in wide range of hematologic malignancies, and it was recently found to be associated with poor outcome in childhood acute myeloid leukemia. 33, 34 Overall, the findings among Group I patients indicate that in the absence of pathologic suspicion or concern for MDS, combined array does not offer significant diagnostic yield.
Group II consisted of 12 patients (14% of the study cohort) with indeterminate myelodysplasia, insufficient for morphologic diagnosis of MDS, and normal or otherwise non-definitive routine cytogenetics (including FISH). In this scenario, our results show that clinically significant CNV and copy-neutral LOH was detected in a substantial minority of cases (42%), warranting classification as clonal cytopenia (s) of undetermined significance. Currently, consensus guidelines do not exist for the type or pattern of comparative genomic hybridization or singlenucleotide polymorphism array findings that may be used to support or establish a diagnosis of MDS or clonal hematopoiesis. In the absence of such guidelines or objective criteria, the results for 4 patients from this study that were classified as clonal cytopenia(s) of undetermined significance (cases 29, 30, 32, and 34) are highlighted (Figures 3-6 ) to demonstrate the context in which combined array results impacted clinical assessment. Among the most subtle of these findings was an isolated 9 Mb deletion at 4q22.3-q24, overlapping the TET2 locus, which is among the most common mutated or altered genes in MDS. 35, 36 The relatively high diagnostic yield of combined array in this group may be, at least in part, attributable to limited morphologic sampling in some cases, which precluded a definitive morphologic diagnosis. Regardless, these data support previous observations, where microarray analysis significantly improves the detection rate of clinically significant findings, particularly in cases with normal or unsuccessful conventional metaphase cytogenetics. 20, 23, 28, 29 Group III patients received a morphologic diagnosis of MDS with 'good' or 'very good' cytogenetic risk category. A notable fraction of these cases (16-20%) had large-scale cryptic chromosomal aberrations found which otherwise went undetected by standard karyotype. Four patients (case numbers 46, 47, 59, and 60) showed segmental copy-neutral LOH above the set threshold (55, 8.7, 59 , and 38 Mb, respectively). One of these (case number 60) had an additional 1.6-Mb deletion (11p15.5-p15.4) overlapping the locus for NUP98 which is associated with various hematopoietic malignancies as a protooncogene involved in numerous gene-fusion events. 37 A fifth patient (case number 40) demonstrated an isolated 322-kb deletion at 3q25.33. The deleted region includes IFT80, SMC4, and C3orf80, and recently it was reported that SMC4 is strictly required for the proliferation and survival of NUP214-ABL1-positive T-cell acute lymphoblastic leukemia cells. 38 The fourteen MDS cases from Group IV with clonal cytogenetic abnormalities by metaphase cytogenetics showed a wide spectrum of combined array findings that in most cases correlated well with the available G-banding pattern. There were few examples of major chromosomal abnormalities detected by combined array (typically copy-neutral LOH) which were not apparent by metaphase cytogenetics. For these few cases, the clinical significance of these microarray findings is uncertain given that they occurred in an already complex cytogenetic background and would not alter the patient's prognosis based on the current risk-stratification scheme.
Group V included 6 cases that had other clinical/ pathologic entities well-recognized to induce peripheral cytopenias (including acute myeloid leukemia and a high-grade borderline myeloid neoplasm) with only a single instance of a cryptic deletion being detected in an otherwise balanced translocation (for details see the 'Results' section).
Also worth highlighting here are the results from the control samples, in which single-nucleotide polymorphism probe hybridization-identified multiple small regions of the genome lacking heterozygosity. Such small regions of copy-neutral LOH (1-5 Mb) may be explained by autozygosity (the inheritance of the same ancestral loci from both parents), and are influenced by the degree of consanguinity within a population. 25 Alternatively, the possibility that such findings represent small, acquired copy-neutral genomic aberrations among patients with history of cancer must also be considered. Similar evidence of clonal mosaicism in the peripheral blood, including copy-neutral LOH on the order of 42 Mb, has been associated with cancer in large-scale population studies. 39, 40 All control patients in this study had a concurrent or prior diagnosis of malignancy, and approximately half of which had received prior chemotherapy treatment (a known predisposing risk factor for the development of MDS). Regardless, no significant differences were noted between those who received therapy, or between the group as a whole and the subset of study patients who also had morphologically normal marrow samples (Group I).
The only exception to this pattern was the single outlier among the controls (patient R), a case best classified as 'clonal hematopoiesis of indeterminate potential', given that it is lacking both morphologic dysplasia and cytopenias. 31 Additional clinical follow-up or diagnostic information was not available for this patient, but this case highlights the potential for combined array to detect clonal hematopoiesis in the elderly.
Limitations of this study include the lack of longterm follow-up for the majority of patients, selection of cases from a single institution, and an evaluation Cryptic chromosomal lesions in MDS and CCUS of how combined array findings might influence cytogenetic risk stratification among the diagnostic MDS cases. The use of bone marrow controls from patients with a history or current diagnosis of cancer is also a potential limitation. This population was intentionally chosen, however, to avoid the ambiguity of introducing presumed 'benign' syndromes (eg, aplastic anemia, ideopathic thromobocytopenic purpura, or macrocytic anemia) into this analysis, given that such conditions could be early or unrecognized manifestations of clonal hematopoiesis in a subset of patients. At the same time, this control group also provides a clinically relevant and 'real-life' basis for comparison, as evaluation of unexplained cytopenias and concern for MDS is routinely encountered in patients with history of cancer and chemo-radiation therapy. Against this backdrop, combined array analysis was able to discern a substantial fraction (42%) of cases with indeterminate morphologic findings were definitive clonal hematopoiesis.
Recent advances in our understanding of the molecular biology of MDS have identified a number of disease associated mutations. [41] [42] [43] These somatically acquired mutations are relatively common in the general population among the aged, and are present irrespective of peripheral cytopenias. [44] [45] [46] These mutations have been reported in 45-62% of patients with ICUS and some dysplasia. 30 By comparison, 42% of cases with indeterminate dyspoiesis qualify as clonal cytopenia(s) of undetermined significance based on the combined array analysis in this study. Notably, our results found only a single case of clonal hematopoiesis among patients lacking dysplasia, whereas 17-20% of patient with ICUS and no dysplasia were found to be mutation positive. 30 The question arises as to which modality provides a better indicator of clinically relevant clonal hematopoiesis. Among non-diagnostic samples from patients who subsequently developed a myeloid malignancy, the number of detectable point mutations is greater than in reported in healthy populations and predicts for worse outcome, whereas chromosomal aberrations detected by single-nucleotide polymorphism array are also common. 47 Whether large-scale genomic changes, such as those described here (CNV4250 kb and/or copy-neutral LOH45 Mb), represent a higher threshold and more specific measure of pathologic disorders, or conversely could represent a relatively late stage in the clonal evolutionary process, remains to be seen. In either case, care must be applied to avoid premature application of these advanced genomic techniques to the minimal criteria of malignant conditions. Possible confounding factors in this type of analysis could be age-related clonality devoid of clinical significance, the transitory nature of clonal abnormalities in patients who received marrow modifying treatments (vitamins, chemotherapy, and so on), or constitutional genetic abnormalities. Given that all patients in this study cohort had cytopenias warranting clinical attention, the likelihood of clonality devoid of clinical significance is small. Furthermore, the lack of significant abnormalities detected amongst controls who received chemotherapy, and at least one presumed constitutional abnormality (patient 27), mitigates against such concerns.
In conclusion, this study indicates that an in-depth unbiased whole-genome analysis can prove useful if judiciously applied on a larger scale. Forty-two percent of cases with indeterminate morphologic findings were reclassified as clonal cytopenia(s) of undetermined significance based on the combined array findings. An additional 20% of known MDS with essentially normal cytogenetics (classified as 'good' or 'very good' cytogenetic risk category) had major cryptic chromosomal aberrations detected by combined array. In contrast, combined array findings in MDS cases with abnormal cytogenetics did not yield considerable new information in this series. In addition, combined array results from control cases (patients seen with an alternative malignant diagnosis) are described, and are comparable to the pattern seen in the marrow of patients with peripheral cytopenias, but no morphologic dysplasia. Implementation of combined array analysis detects clonal hematopoiesis in a substantial fraction of patients where there is clinical suspicion for MDS but routine cytogenetic analyses are normal and morphologic findings are not diagnostic. Figure 4 Case 30 (59-year-old female), submitted for severe longstanding thrombocytopenia (platelets 25 × 10 3 cells/μl) and mild anemia (hemoglobin 11.4 mg/dl). The aspirate and core biopsy showed no definitive evidence of dysplasia or increased blasts, but mild reticulin fibrosis was noted and rare circulating blasts were identified in the peripheral blood. Microarray identified several large segments of copyneutral LOH on multiple chromosomes (including 36 Mb on 5q) and a single-genomic deletion of~2.3 Mb at 12q24.31 (clonal fraction estimated at 65%). Deletion was confirmed by FISH in 63% of interphase cells. Bone marrow and peripheral blood microarray analysis performed 16 days apart showed nearly identical results. Follow-up at 18 months showed persistent thrombocytopenia and mildly worsening anemia without need for treatment. Subsequent bone marrow biopsies confirmed the presence of mild reticulin fibrosis, and mild myeloid dysplasia was noted on repeat biopsy 8 months after the original analysis. By 20 months post-analysis, bone marrow karyotype revealed a single aberrant cell with deletion of 5q in a background of a normal female karyotype (46,XX,del(5)(q13q33) [1] /46,XX [19] ). Repeat combined array analysis at that time showed the same pattern of copy-neutral LOH and 12q24.31 deletion, in addition to a 2.6 Mb deletion at 11p11.2 and a 622 kb deletion at 11p13. Clonal fraction overall was estimated at 30-35%, and the first two deletions were confirmed by FISH in 39.5 and 33% of interphase cells, respectively. Treatment was limited to supportive care with occasional transfusions (peripheral counts declined to 7 × 10 3 platelets/μl, and hemoglobin of 10.1 mg/dl), and HLA-matching was performed for consideration of possible future bone marrow transplantation. 5.1 2q13.11-q13. 13 4.3 Figure 5 Case 32 (66-year-old male), submitted for pancytopenia (white blood cell count 2.1 × 10 3 cells/μl, hemoglobin 8.9 mg/dl, platelets 100 × 10 3 cells/μl), and showed very limited (o10%) morphologic irregularities among erythroid and megakaryocyte lineages in a background of overall myeloid predominant marrow. Metaphase cytogenetics was normal. Combined array demonstrated a 9-Mb deletion of 4q22.3-q24 that overlapped the TET2 locus (confirmed by FISH in 70% of cells). At follow-up 6 months later, the same deletion was confirmed at which time the clonal burden had increased to 94.5% of interphase cells (as determined by FISH). By 12 months postanalysis, peripheral counts were worsening, and the patient was unresponsive to erythropoietin therapy. Subsequent treatment included lenalidomide on clinical trial (four cycles), before transition to azacitidine with resulting significant improvement in peripheral blood counts.
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Cryptic chromosomal lesions in MDS and CCUS Figure 6 Case 34 (88-year-old male) was a markedly hypocellular specimen with limited dyspoiesis, insufficient for diagnosis, but with loss of chromosome Y in 19 of 20 metaphase spreads and widespread chromosomal abnormalities detected as regions of copy-neutral LOH. The patient deceased within 18 months of analysis.
